Neurol Med Chir (Tokyo) 47, 409 ~ 414, 2007

Recording of Corticospinal Evoked Potential for Optimum .
Placement of Motor Cortex Stimulation Electrodes
in the Treatment of Post-stroke Pain

—Two Case Reports—

Takamitsu YAMAMOTO*-**, Yoichi KATAYAMA*:**, Toshiki OBUCH1**,
Toshikazu KANO**, Kazutaka KOBAYASHI*-**, Hideki OSHIMA™**,
Chikashi FUKAYA*:** and Ryusuke KAKIGI***

*Division of Applied System Neuroscience, Department of Advanced Medical Science, and
**Department of Neurological Surgery, Nihon University School of Medicine, Tokyo;
***Department of Integrative Physiology, National Institute for Physiological Sciences,

: Okazaki, Aichi . _ g

Abstract . - T

The corticospinal motor evoked potential (MEP) evoked by"rholor cortex stimulation was investigated
as an intraoperative index for the placement of stimulation electrodes in the epidural space over the
motor cortex for the treatment of posi-stroke pain. A grid of plate electrodes was placed in the epidural
space 1o cover the motor cortex, sensory cortex, and premotor corlex employing a magnetic resonance
imaging-guided neuronavigation system in twe patients with severe post-stroke pain in the right
extremities, a 66-year-old man with dysesthesia manifesting as burning and aching sensation, and a
67-year-old woman with dysesthesia manifesting as pricking sensation. The D-wave of the corticaspinal
MEP was recorded with a flexible wire electrode placed in the epidural space of the spinal cord during
anodal monopolar stimulation of each plate electrode under general anesthesia. The grid electrode was .
fixed in position with dural sutures and the craniotomy closed. The effect of pain reduction induced by
anodal monopolar stimulation of the same plate electrodes was examined using the visual analogie
scale (VAS) on a separate day in the awake state without anesthesia. Comparison of the percentage VAS
reduction and the recorded amplitude of the D-wave employing the same stimulation electrode revealed
significant correlations in Case 1 (r = 0.828, p < 0.01) and Case 2 (r = 0.807, p < 0.01). The grid
electrode was then replaced with two RESUME electrodes over the hand and foot areas, and the
optimum positions were. identified by D-wave recording before electrode fixation. Both patients
reported satisfactory pain alleviation with lower stimulation voltages than usually required for patients
with similar symptoms. These results indicate the potential of D-wave recording as an intraoperative
indicator for the placement of stimulating electrodes over the motor cortex for pain relief.
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Introduction

Motor cortex stimulation therapy was first proposed

for the treatment of post-stroke pain,’®-2% and subse-
quently numerous studies have examined the effec-
tiveness for neuropathic pain and central pain.z-#7%
11-13.161722) In the large series, the long-term success
rate for pain alleviation was about 50%. The pain

control provided by motor cortex depends on stimu-’
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lation of neuronal circuits mediated by corticospinal
tract neurons originating from the motor cortex.?
Activation of the thalamic nuclei directly connected
with the motor and premotor cortices causes a cas-
cade of synaptic events in pain-related structures
receiving afferents from these nuclei, including the
medial thalamus, anterior cingulate, and upper
brainstem, and ‘motor cortex stimulation attenuates
the nociceptive spinal reflexes.® Motor cortex stimu-

. lation also produces significant transient inhibition
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of the responses of the spinal cord dorsal horn neu-
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rons to higher intensity mechanical stimuli without
affecting the response to innocuous stimuli.!®
Therefore, at least part of the antinociceptive effect
induced by motor coriex stimulation involves' the
corticospinal tract neurons originating from the
motor cortex. )

Correct placement of the cortical electrode, which
induces the muscle twitches or muscle contractions,
is most important to achieve effective pain relief in
post-stroke pain.®2V The recommended position of
the cortical stimulation electrode is over the painful
area.!417.21) Various surgical techniques are available
for the accurate placement of epidural or subdural
electrodes over the motor cortex.’*172) However, a
standard method has not yet been established.
Anatomical identification of the central sulcus by
phase reversal of N20 with monitoring of the
somatosensory evoked potential or magnetic
resonance (MR) imaging-guided neuronavigation
may allow exact positioning of the stimulation elec-
trode on the precentral gyrus directly or epidurally.
However, the activation of the corticospinal tract
neurons originating from the motor cortex cannot
be predicted. Moreover, anodal monopolar cortical
stimulation activates vertically oriented pyramidal
neurons,” whereas only cathodal bipolar cortical
stimulation,  which -tends to excite the superficial
horizontal fibers and cortical interneurons, is
available from the implantable pulse generator
approved for clinical use.

The corticospinal motor evoked potential (MEP)

evoked by direct stimulation of the motor cortex can
be recorded from the epidural space of the spinal
cord, and has been used for the intraoperative
monitoring of motor function.®?* The corticospinal
MEP response consists of an initial D-wave and a
later sequence of volleys termed I-waves.!?® The
D-wave reflects impulses arising from direct activa-
tion of the axons of corticospinal tract neurons,
whereas the [-waves reflect neurons via synaptic
activity. ]

‘The present study examined the relationship
between pain reduction on the visual analogue scale
(VAS) and the recorded amplitude of the D-wave
during stimulation of various points of the motor
cortex to evaluate the D-wave as an index for the
placement of the epidural electrode in the treatment
of post-stroke pain.

Patients and Methods

This study included two patients, a 66-year-old man
with post-stroke pain in the right extremities caused
by left pons bleeding manifesting as dysesthesia
with burning and aching sensation for 25 months

(Case 1), and a 67-year-old woman with post-stroke
pain in the right extremities caused by thalamic
bleeding manifesting as dysesthesia with pricking
sensation for 24 months (Case 2). Both patients felt
most severe pain in the upper extremity. Both
patients could walk unaided, and had grade 4 motor
function of the right extremity by the muscle maneu-
ver test (MMT).2% Both patients gave informed con-
sent for intraoperative monitoring of the corticospi-
nal MEP and test stimulation employing ‘a grid
electrode implanted in the epidural space just over
the motor cortex. The present study was approved
by the Committee for Clinical Trials and Research in
Humans of our university and by the Japanese
Ministry of Health and Welfare as part of an ad-
vanced medical care program.

A flexible four-channel, platinum wire electrode
(3487A PISCES-Quad; Medtronic, Inc., Minneapo-
lis, Minn., U.S.A.) was inserted into the epidural
space of the cervical vertebrae, at the C2 to C4 levels,
on the day before the operation. The patient was
placed in the abdominal prone position, and an 18-
gauge Touhy needle included in the electrode pack-
age was inserted into the midline epidural space at
the cervical and thoracic junction under radiograph-
ic control. The spinal epidural space was confirmed
from the change of resistance observed during saline
injection through the Touhy needle. The electrode
was inserted into the epidural space with a stylet via
the Touhy needle and advanced to the appropriate
position under radiographic control. The stylet and
Touhy needle were then removed, and the electrode
was fixed with adhesive tape and a drape placed on
the skin (Fig. 1). ‘

On the next day, a craniotomy sufficient to expose
the- postcentral gyrus, precentral gyrus, and
poslerior parts of the superior, middle, and inferior
frontal gyri was performed under general anesthesia

- with muscle relaxant and completely controlled

ventilation. The grid electrode, comprising 20 plate
electrodes of 5 mm diameter and each separated by
5 mm, with each of the plate electrodes embedded in
thin and soft silicone material (Unique Medical Co.,
Ltd., Komae, Tokyo), was placed in the epidural
space over the motor, sensory, and premotor cor-
tices employing an MR imaging-guided neuronavi-
gator (Fig. 2). The ground electrode-was placed on
the forehead. The cerebral cortex was stimulated
utilizing each contact point of the grid electrode.
The stimulation was applied as a monophasic square
wave pulse of 0.2 msec duration delivered at 2 Hz,
and anodal monopolar stimulation with an intensity
of 30 mA was selected for monitaring of the D-wave.
A recording electrode with four contact points was
used for bipolar recording between adjacent contact
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Radiographs showing a four-channel wire
electrode placed within the epidural space
of the cervical spinal cord at the C2 to C4
levels. .

Fig. 1

Fig. 2 Radiograph showing an epidural grid elec-
trode implanted in the epidural space for
direct cortical stimulation, and the elec-
trode in the epidural space of the cervical
spinal cord (arrow). Same orientation as
Fig. 4.

points, and the. signals were fed into an amplifier
with a band pass range of 5Hz to 5kHz and
averaged for 32 sweeps using Synax 2100 (NEC Co.,
Tokyo).

After recording the corticospinal MEP, the
epidural grid electrode was fixed to the dura with
sulures at several points to maintain the grid elec-
trode location, and the wound was closed. The effect
on pain induced by monopolar anodal cortical
stimulation employing the contact points of the grid
electrode was-examined using the VAS on another
day in the awake state without anesthesia. This test
stimulation used a frequency of 25Hz with a
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Fig. 3 Radiograph showing the two RESUME
motor cortex stimulation electrodes placed
on the hand and foot areas.

duration of 0.2 msec, and the best stimulation
intensity was selected between 10 to 20 mA. The
change of the VAS was expressed as percentage
VAS reduction; calculated as (1 — VAS with
stimulation/VAS without stimulation) X 100%. The
percentage VAS reduction and the recorded
amplitude of the D-wave using the same slimulating
electrode were then compared by simple regression
analysis.

After confirming that pain alleviation was ob-
tained with cortical stimulation, chronic implanta-
tion of the electrode for motor cortex stimulation
was performed under general anesthesia with
muscle relaxant. Until this second operation, the
recording electrode was left in the cervical epidural
space. The epidural grid electrode was replaced
with a four-channel plate electrode (3587A
RESUME - 1I; Medtronic, Inc.), which has four
contact points consisting of plate electrodes of 5 mm
diameter and spaced 5mm apart. The optimum
location of the two RESUME electrodes for stimula-
tion of the hand and foot areas was identified by
monitoring the D-wave with bipolar stimulation of
the most distant two coniact points of the four
(Fig. 3). After confirming the best location for the
RESUME electrodes, which evoked the D-wave al
the highest amplitude by bipolar stimulation, the
edge of the RESUME electrode was sutured to the
dura, to prevent movement of the electrode. This
procedure was essential to ensure steady attachment
between the dura and contact points. An implanta-
ble pulse generator was implanted under the an-
terior chest wall at the same time, and connected to
the RESUME electrode with an extension cable.

Results

D-waves were detected after stimulation of 14 of the
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Fig. 4 A:Representative D-waves (arrows) classified into amplitudes of under 2 uV (a), 2 to 5 4V (b),
5 to 10 4V (c), and over 10 £V [d). Time scale, 5 msec; amplitude, 5 4V. B: Photograph of the
intraoperative epidural grid electrode placed over the sensory, primary motor, and premotor
cortices in Case 1. The amplitude of the D-wave evoked by the stimulation of each plate elec-
trode was classified as over 10 4V (open circles), 5 to 16 4V (open squares), 2 to 5 4V {open
triangles), and under 2 ¢V (closed triangles). Thick line: Central sulcus eshmated by magnetic

resonance imaging-guided navigation.

20 contact points of the grid electrode in Case 1, and
11 contact points in Case 2. The recorded ampli-
tudes of the D-waves were classified into over 10 4V,
510 104V, 2 to 54V, and less than 2 uV (Fig. 4A).
The evoked amplitudes of the D-waves were plolted
on an intraoperative view of the grid electrode
(Fig. 4B). The contact points:which evoked D-wave
amplitudes of over 10 uV were located just anterior
to the central sulcus as estimated by MR imaging-
guided neuronavigation.

Figure 5 illustrates the relationships between the
recorded amplitude of the D-wave and the percen-
tage VAS reduction in Cases 1 and 2. Simple regres-
sion analysis showed significant correlations in
Case 1 (r = 0.828, p < 0.01) and Case 2 {r = 0.807,
p < 0.01).

Discussion

The present study used high intensity anodal
monopolar stimulation so that both the electrode
contact areas and the surrounding cortical areas
were stimulated together, thus stimulating a wider
area of the cerebral cortex than previously,?¥ so we
could compare the amplitude of the D-wave with the
percenlage VAS reduction. The percentage VAS
reduction was significantly correlated with the D-
wave amplitude, indicatling that D-wave recording
provides an intraoperative guide for placing the
stimulating electrode at the optimum position on the
motor cortex.

Chronic implantation of the RESUME electrodes
was performed in the epidural space exposed by the
craniotomy. The electrodes were placed parallel to
the sagittal sinus over the central sulcus in the foot
area, and parallel to the central sulcus over the
motor strip in the hand area. The optimum positions
were identified by searching for the D-wave with the
highest amplitude evoked by bipolar stimulation.
Both patients complained of most severe pain in the
upper extremity, but also of dysesthesia of the lower
extremity. Therefore, both hand and foot areas were
stimulated together, since it is important to induce
muscle contraction or muscle twitch in the painful
area for the motor corlex stimulation therapy.10.19-22)

Our previous experience with patients with MMT
of 4 suggested that the threshold intensity to induce
muscle contraction under stimulation conditions of
25 Hz with 0.2 msec duration is 5.8 £ 0.9V [n =
10). In the present patients, muscle contraction was
induced at 2.9V in Case 1 and 3.3V in Case 2. Both
patients were satisfied by the results of chronic
motor cortex stimulation. These findings confirm
the importance of identifying the optimum point for
motor cortex stimulation therapy in the treatment of
post-stroke pain.

Corticospinal MEP monitoring requires insertion
of the recording electrode into the cervical epidural
space. The recording electrode can be easily and
safely placed in the epidural space by the same tech-
nique as used for transcutaneous spinal cord stimu-
lation for the treatment of pain, and we have already
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Fig. 5 Correlations of the recorded amplitude of

- the D-wave and the percentage visual

analogue scale (VAS) reduction in Case 1

{upper) and Case 2 (lower). Simple regres-

sion analysis showed significant correla-

tions in Case 1 (Y = —3.033 + 0.274X, r =

0.828, p < 0.01) and Case 2 (Y = —2.575 +

0.339X, r = 0.807, p < 0.01). Percentage

VAS reduction = (1 — VAS with stimu-
lation/VAS without stimulation} X 100%.

experienced over 250 cases without irreversible
complications arising from such electrode insertion.
Monitoring of the muscle responses to direct motor
cortex stimulation is also useful for the monitoring
of cerebral ischemia.® Another advantage is that,
unlike muscle responses to motor cortex stimula-
tion, the D-wave of the corticospinal MEP is
resistant to surgical doses of anesthetics and is
unaffected by muscle relaxants, apart from changes
‘to the excitability of the spinal motor neurons, and
so the amplitude can be easily correlated with the
site of cortical stimulation.

The present study indicates that monitoring of the
D-wave provides a good indicator of the optimum
placement of the chronic electrode for the treatment
of post-stroke pain, and thus allows implantation of
the motor cortex stimulation electrode in a one-stage
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operation under general anesthesia.
Acknowledgment

The present work was supported by grants from lhe
Ministry of Education, Culture, Sports, Sciences
and Technology of Japan (Granis No. A-15209047
and No. C-18591614) and a grant for the promotion
of industry-university collaboration at Nihon Uni-
versity.

References

1) Amassian VE, Stewart N, Quirk GJ, Rosenthal JL:
Physiological basis of motor effects of transient
stimulus to cerebral-cortex. Neurosurgery 20: 74-93,
1987

2) Canavero S, Bonicalzi V: Cortical stlmulahon for
central pain. | Neurosurg 83: 1117, 1995

3) Carroll D, Joint C, Maartens N, Shlugmann D, Stein ],

- Aziz TZ: Motor cortex stimulation for chronic
neuropathic pain: a preliminary study of 10 cases.
Pain 84: 431-437, 2000

4) Ebel H, Rust D, Tronnier V, Béker D, Kunze S
Chronic precentral stimulation in trigeminal. neu-
ropathic pain. Acta Neurochir (Wlen)138 1300-1306,
1996

_ 5] Garcia-Larrea L, Peyron R, Merlens P, Gregou‘e MC,

Lavenne F, LeBars D, Lonvers P, Mauquiere F,
Sindou M, Laurent B: Electrical stimulation of motor
cortex for pain control: a combined PET-scan and
electrophysiological study. Pain 83: 259-273, 1998

6) Horiuchi K, Suzuki K, Sasaki T, Matsumoto M,
Sakuma ], Konno Y, Qinuma M, Itakura T, Kodama
N: Intraoperative monitoring of blood flow
insufficiency during surgery of middle cerebral
artery aneurysm. | Neurosurg 103: 275-283, 2005

7) Hosobuchi Y: Motar cortical stimulation for control
of central deafferentation pain. Adv Neuro! 63:
215-217, 1993

8) Katayama Y, Fukaya C, Yamamoto T: Poststroke pain
control by chronic motor cortex stimulation: neuro-

"logical characteristics predicting a favorable

response. | Neurosurg 89: 585-591, 1998

9} Katayama Y, Tsubokawa T, Maejima 5, Hirayama T,
Yamamoto T: Cortico-spinal direct response in
humans; identification of the motor cortex during
intracranial surgery under general anesthesia. ]
Neurol Neurosurg Psychiatry 51: 50-59, 1988

10) Katayama Y, Tsubokawa T, Yamamoto T: Chronic
motor cortex stimulation for central deafferentation
pain: experience with bulbar pain secondary to
Wallenberg syndrome. Stereotact Funct Neurosurg
62:-295-299, 1994

11) Meyerson BA, Lindblem U, Linderoth B, Lind G,
Herregodts P: Motor cortex stimulation as treatment
of trigeminal neuropathic pain. Acte Neurochir Supp!
(Wien) 58: 150-153, 1993

12) MigitaK, Uozumi T, Arita K, Monden S: Transcram-



414

13)

14)

15)

16)

17)

18)

T. Yamamoto et al.

"al magnetic coil stimulation of motor cortex in

patients with central pain.
1037-1039, 1995

Nguyen }P, Keravel Y, Feve A, Uchiyama T, Cesaro
P, Le Guerinel C, Pollin B: Treatment of deafferenta-
tion pain by chronic stimulation of the motor cortex:
report of a-series of 20 cases. Acta Neurochir Suppl
68: 54-60, 1997

Nguyen }P, Lefaucheur ]P, ‘Decq P, Uchiyama T,
Carpentier A, Fontaine D, Brugieres P, Pollin B, Feve
A, Rostaing S, Cesaro P, Keravel Y: Chronic motor
cortex stimulation in the treatment of central and

neuropathic pain. Correlations between clinical,

Neurosurgery 36:

‘electrophysiological and anatomic data. Poin 82:

245-251, 1999

Patton HD, Amassian VE: Single and multiple-unit
analysis of cortical stage of pyramidal tract activa-
tion. ] Neurophysiol 17: 345-363, 1954

Peyron R, Garcia-Larrea L, Deiber MP, Cinotti L,
Convers. P, Sindou M, Mauguiére F, Laurent B:
Electrical stimulation of precentral cortical area in

the treatment of central pain: electrophysiological’

and PET study. Pain 62: 275-286, 1995

Saitoh Y, Shibata M, Hirano S, Hirata M, Mashimo
T, Yoshimine T: Motor cortex stimulation for central
and peripheral deafferentation pain. Report of 8
cases. ] Neurosurg 92: 150-155, 2000

Senapati AK, Huntingen P, Peng TB: Spinal dorsal
horn neuron response to mechanical stimuli is
decreased by electrical stimulation of the primary
motor cortex. Brain Res 1036: 173-179, 2005

19)

20)

21)

22)

23}

Tsubokawa T, Katayama Y, Yamamoto T, Hirayama
T, Koyama S: Chronic motor cortex stimulation far
the treatment of central pain. Acta Neurochir Supp!
(Wien) 52: 137-139, 1991

Tsubokawa T, Kalayama Y, Yamamoto T, Hirayama
T, Koyama S: Treatment of thalamic pain by chronic
motor cortex stimulation. Pacing Clin Electrophysiol
14: 131-134, 1991

Tsubokawa T, Katayama Y, Yamamoto T, Hirayama
T, Koyama S: Chronic motor cortex stimulation in
patients with thalamic pain. ] Neurosurg 78: 393-401,
1993.

Yamamoto T, Katayama Y, Hirayama T, Tsubokawa
T: Pharmacological classification of central post-
stroke pain: comparison with the results of chronic
motor cortex stimulation therapy. Pain 72: 5-12, 1997
Yamamoto T, Katayama Y, Nagaoka T, Kobayashi K,
Fukaya C: Intraoperative monitoring of the cor-
ticospinal motor evoked potential (D-wave): Clinical
index for postoperative motor function and function-
al recovery. Neurol Med Chir (Tokyo) 44: 170-182,
2004

" Address reprint requests to: Takamitsu Yamamoto, M.D.,

Division of Applied System Neuroscience,
Department of Advanced Medical Science, Nihon
University School of Medicine, 30-1 Ohyaguchi-
Kamimachi, Itabashi-ku, Tokyo 173-8610, Japan.
e-maijl: nusmyama@med.nihon-u.ac.jp

Neurol Med Chir (Tokyo) 47, September, 2007



J Neurosurg 107:977-982, 2007

Thalamic deep brain stimulation for writer’s cramp

CHikASHI Fukaya, M.D., Pu.D., YoicHi KaTayaMa, M.D., PH.D., TosHIKAZU KANO, M.D.,
PH.D., TAXAFUMI NAGAOKA, M.D., PH.D., KAZUTAKA KOBAYASHI, M.D., PH.D.,
HIDEKI OsHiMA, M.D., PH.D., AND TAKAMITSU YAMAMOTO, M.D., PH.D.

Department of Neurological Surgery, Nihon University School of Medicine; Division of Applied System
Neurascience, Graduate School of Medical Science, Tokyo, Japan

Object. Writer’s cramp is a type of idiopathic focal hand dystonia characterized by muscle cramps that accompany
execution of the writing task specifically. In this report, the authors describe the clinical outcome after thalamic deep
brain stimulation (DBS) therapy in patients with writer’s cramp and present an illustrative case with which they com-
pare the effects of pallidal and thalamic stimulation. In addition to these results for the clinical effectiveness, they also
examine the best point and pattern for therapeutic stimulation of the motor thalamus, including the nucleus ventrooralis
(VO) and the ventralis intermedius nucleus (VIM), for writer’s cramp.

Methods. The authors applied thalamic DBS in five patients with writer's cramp. The inclusion criteria for the DBS
trial in this disorder were a diagnosis of idiopathic writer's cramp and the absence of a positive response to medication.
The exclusion criteria included significant cognitive dysfunction, active psychiatric symptoms, and evidence of other
central nervous system diseases or other medical disorders. In one of the cases, DBS leads were implanted into both the
globus pallidus internus and the VO/VIM, and test stimulation was performed for 1 week. The authors thus had an
opportunity to compare the effects of pallidal and thalamic stimulation in this patient.

Results. Immediately after the initiation of thalamic stimulation, the neurological deficits associated with writer’s
cramp were improved in all five cases. Postoperatively all preoperative scale scores indicating the seriousness of the
writer’s cramp were significantly lower (p < 0.001). In the patient in whom two DBS leads were implanted, the clini-
cal effect of thalamic stimulation was better than that of pallidal stimulation. During the thalamic stimulation, the max-
imum effect was obtained when stimulation was applied to both the VO and the VIM w1dely. compared wxlh being
applied only within the VO.

Conclusions. The authors successfully treated patients with writer’s cramp by thalamic DBS. Insofar as they are
aware, this is the first series in which writer's cramp has been treated with DBS. Thalamic stimulation appears to be a
safe and valuable lherapeullc opuon for writer's cramp. (DO!: 10.3171/JNS-07/11/0977)
thalamotomy *

KEY WORDS * “deep bram stlmulatlon * focal dystonia *

writer’s cramp

RITER’S Cramp is a representative type of idiopathic

s ’\ / focal hand dystonia characterized by muscle cramps
that accompany execution of the writing task spe-

cifically. There has been renewed interest in neurosurgical
procedures for the treatment of dystonia over the past several
years. In particular, DBS has received increasing attention as
a therapeutic option for patients with dystonia.*#* This treat-
ment modality offers several potential benefits over radio-
frequency lesioning® The functional location and size of the
focus of stimulation can be changed and adjusted to various
pathological -states. Pallidal stimulation is one of the most
promising new therapies for the treatment of dystonia. The
VO in the thalamus, however, has been recognized as an ap-
propriate target for radiofrequency ablation in patients with

Abbreviations used in this paper: AC = anterior commissure;
BFMDR = Burke-Fahn-Marsden Dystonia Rating; DBS = deep
brain stimulation; GPI = globus pallidus intemus; MR = magnetic
resonance; PC = posterior commissure; VC = ventralis caudalis
nucleus; VIM = ventralis intermedius nucleus; VO = nucleus ven-
trooralis.

J. Neurosurg. / Volume 107 / Noveinber, 2007

writer’s cramp.'&+1%7 [y this report, we describe the clinical
outcome of thalamic stimulation in patients treated for writer’s
cramp, and we present an illustrative case that allows us to
compare the effects of stimulation of the GPI and VO/VIM. In
addition 10 these results for the clinical effectiveness, we also
describe the results of an investigation regarding the best point
and pattern of stimulation of the VO/VIM for writer’s cramp.

Clinical Material and Methods

Patient Population

We applied thalamic sumu]auon in" five patients with
writer’s cramp. The inclusion criteria for the DBS trial were
that the patient was diagnosed as having idiopathic writer’s
cramp and did not demonstrate evidence of a good response
to medical reatment. The exclusion criteria included signif-
icant cognitive dysfunction, active psychiatric symptoms,
and evidence of other central nervous system diseases or
other medical disorders. The DBS lead was implanted uni-
laterally in all cases. In one case, two DBS leads were im-
planted: one each into the GPI and the VO/VIM in a single
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operation. We thus had an opportunity to compare the ef-
fects of GPI and VO/VIM stimulation in this patient during
a I-week test stimulation period.

Surgical Techniques

A Leksell G head frame (Elekta Instruments) was used
for the surgery. Magnelic resonance images (1-mm-thick
slices) were obtained, and the AC and PC were identified
on the Leksell SurgiPlan (Elekta), a customized software
program for functional stereotaxy. The target was ap-
proached from a bur hole perforated anteriorly at an angle
of 45 10 55° to the AC-PC line and 0 to 12.5° to the verti-
cal plane. Three-dimensional trajectory visualization on a
digitized version of the Schaltenbrand-Wahren atlas'* was
used to confirm the structures that the electrode passed.

The first trajectory was directed toward the anterior as-
pect of the PC, on the level of the AC-PC line, at 15 mm
lateral to the midline, or 9 mm lateral to the wall of the third
ventricle. Following this procedure, a semimicroelectrode
recording was performed. Certain cells responding to pas-
sive joint movements of the contralateral limbs, caused
by deep sensation, and cells responding to light touch on
the skin of the face and contralateral limbs, caused by
cutaneous sensation, appeared on this trajectory. Based on
these neurophysiological findings, we defined the thalamic
VIM-VC border as a vertical line on this trajectory. Cells
responding to cutaneous sensation were usually observed
posterior to the VIM-VC border, and semimicrostimula-
tion produced paresthesia in such an area. The VIM-VC
border determined by these observations was located 1.9 to
5.5 mm anterior to the anterior aspect of the PC. The sec-
ond trajectory was directed toward the VIM-VC border, on
the level of the AC-PC line, at 12 to 15 mm lateral to the
midline, confirming that the trajectory was located medial-
ly to the VO/VIM-intemal capsule border, as estimated by
MR imaging. The locations of each thalamic nucleus were
also determined using a digitalized human brain atlas ad-
justed to the MR image of each patient’s brain.

A DBS electrode (Medtronic, Inc.) with four contact
points, numbered O to 3 sequentially from the most distal
contact (0) to the most proximal contact (3), was placed
through the frontal bur hole into the thalamic VO and VIM
nuclei. Each contact of the electrode was 1.5 mm long, and
the contacts were 1.5 mm apart from each other. We placed
Contact 0 at the VIM-VC border on the level of the AC-
PC line, and 12 to 15 mm lateral to the midline, in most
cases. This usually resulted in Contact 1 being located
within the ventral VIM, Contact 2 within the centra] VIM
or the posterior VO, and Contact 3 within the dorsal part of
the posterior VO or the anterior VO (Fig. 1).

After implantation of the electrode, postoperative MR
imaging was performed, and the stereotactic coordinates of
the center of each contact were determined. The locations
of the DBS electrodes and the VIM-VC border, as identi-
fied from neurophysiological data, were then reconstructed
on the stereotactic coordinates of the postoperative MR im-
aging studies.

Stimulation Procedures

During the test stimulation period of approximalely 1
week, electrical stimulation was delivered as monophasic
pulses with a duration ranging from 0.05 to 0.21 msec. The
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AC-PC line

FiG. 1. Schema showing the Medtronic DBS electrode with four
contact points, numbered 0 to 3 sequentially from the most distal (0)
to the most proximal (3). We placed Contact 0 at the VIM-VC bor-
der on the level of the AC-PC line in most cases. This usually
resulted in Contact | being located within the ventral VIM, Contact
2 within the central VIM or posterior VO, and Contact 3 within the
dorsal part of the posterior VO or anterior VO. DOE = nucleus dor-
sooralis externus; RT = nucleus reticularis thalami.

frequency and intensity of stimulation were usually within
the range of 90 to 185 Hz and 1.0 to 3.0 V, respectively. The
DBS system, including an Implantable Pulse Generator
(Medtronic), was intemnalized when satisfactory control of
the writer’s cramp was achieved during the test stimulation
period. After internalization of the DBS system, we at-
tempted to detect the most effective contact for monopolar
stimulation. Subsequently, we performed bipolar stimula-
tion with various combinations of contacts including the
most effective contact of monopolar stimulation. The selec-
tion of contacts and parameters for the DBS was modified
by the physicians at each follow-up visit, based on the neu-
rological findings and the patient’s own reporis on im-
provement of the writer’s cramp symptoms.

Clinical Evaluation Procedures

The handwriting domain of the disability domain of the
BFMDR Scale was used to evaluate patients’ pre- and post-
operative neurological conditions.? This handwriting scale
is set such that normal writing receives a score of 0; slight
difficulty, 1; almost illegible writing, 2; illegible writing, 3;
and unable to grasp to maintain a hold on a pen, 4. Evalua-
tions were performed using this scale preopcratively, as well
as at 1 and 4 weeks and at 3, 12, and 24 months after the sur-
gery. '
We also took into consideration the patient’s own subjec-
tive reports on the smoothness of writing when evaluating
effects. Based on these reporis, we defined the most effec-
tive combination of contacts and stimulation parameters for
DBS. Also, the overall state of the letters that a patient wrote
and the speed of writing were considered in the evaluation
to define the appropriate mode of stimulation.

Mean results are presented * the standard deviations.
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Results

We analyzed data obtained after DBS electrode implan-
tation in five patients with writer’s cramp. The clinical
characteristics and BMFDR handwriting scale scores are
summarized in Table 1. The median age of the patients at
surgery was 46.6 years (range 26-73 years). The median
age at the onset of focal hand dystonic symptoms was 34.8
years (range 21-48 years), and the median duration of the
disease was 11.8 years (range 2-25 years). In all cases the
" disorder was refractory to any medication. Two  of the
patients received botulinum toxin injection; they experi-

enced improvement immediately after botulinum . toxin .

injection, but the effect was short lived and dld not saUSfy
their requirements..

As already mentioned, in the ﬁrsl patient we 1mplanted
two DBS leads: one each into the GPI and the VO/VIM.
Based on a comparison of the results in this case, we con-
sidered thalamic stimulation to be superior to pallidal stim-
ulation, and we adopted thalamic stimulation for use in the
~ subsequent cases. The mean (% standard deviation) coor-
dinates of the most distal contact of the electrodes (Contact
0) were established as 13.5 = 1.5 mm lateral to the midline,
5.0 = 1.1 mm anterior to the PC, and 0.9 = 0.5 mm below
the AC-PC line. We usually used one or two distal con-
tacts as the cathode with monopolar polarity, or one distal
contact as the cathode and a proximal contact as the anode
with bipolar stimulation. In such situations, the stimulation
parameters, including the intensity, frequency, and pulse
width, were adjusted.

At 4 weeks, all five electrodes were set at 135 Hz. At 12
months, three were set at 135 Hz, one at 150 Hz, and one
at 185 Hz. The mean voltage was 2.8 = 1.3 V at 4 weeks
and 2.7 = 1.0 V at 12 months. The mean pulse width de-
creased from.210.0 = 49.0 psec at 4 weeks to 165.0 *
57.4 psec at 12 months. After undertaking the trial of some
stimulation measures, we used bipolar stimulation in all of
these patients at 12 months because of its better results. The
mean preoperative handwriting score of the BFMDR in-
strument was 3.2 = 0.45 in these patients. Immediately

after the initiation of DBS, the score improved, to 0.4 *.
0.55, which was significantly lower than the preoperative

value (p < 0.001, Wilcoxon t-test). The improvement in
the score was maintained in subsequent evaluations at 24
months (Table I).

We also investigated the best points for effective stimu-
lation. ‘We evaluated combinations of active contacts as
appropriate clinical conditions for writing. The efficacy and
combinations of contacts used for stimulation are summa-
rized in Table 2. Based on our observations and each pa-
tient’s subjective feelings, the bipolar stimulation of areas
including VO and VIM with Cathode 0 and Anode 3 repre-
sented the most suitable combination for achieving substan-
tial effectiveness. The mean improvement rate determined
using the handwriting scale under these stimulation condi-
tions was 91.0 = 9.9%. The bipolar stimulation of VIM
with Cathode O and Anode 1, however, showed an average
improvement rate of 76.6 * 22.4%, and the stimulation
of VO with Cathode 2 and Anode 3 exhibiled a mean
improvement rate of 70.0-* 18.3%. In the case of monopo-
lar stimulation, the improvement rate of Stimulations 0
and | was 88.4 = 16.1%,; that of Stimulation 2 was 70.2 *
18.2%; and that of Stimulation 3 was 132 = 18.1%.
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TABLE 1

Clinical characteristics and BMFDR Scale scores .
obiained in the patients with writer’s cramp*

BMFDR Scale Score

. Duration of
Case No.  Age(yrs), Sex  Symptoms (yrs) Preop 4 Wks 24 Mos
1 40, M 10 3 0 0
2 42, M 2 3 0 0
3 73, M 25 4 1 1
4 26.M 5 -3 0 0
5 52, M 17 3 0 0

* The BMFDR handwriting scale: O (best) to 4 (worst).

Stimulation with the contacts on the distal side tended to be
relatively effective compared with that involving the prox-

. imal contacts in the case of monopolar stimulation. This

suggests that stimulation applied to the VIM was more ef-

" fective than that applied to the VO. However, the most ef-

fective mode of monopolar stimulation was relatively less
effective than the most effective combination of contacts of
the bipolar stimulation. Based on these results, bipolar sti-
mulation employing the cathode on the anterior side of the
VIM, with broad stimulation of the thalamic VO and VIM,
appears to represent the best stimulation pattern for writer’s
cramp.

Hlustrative Case

History. This 40-year-old man was referred to our hospi-
tal in 2001. He presented with severe stiffness in the right
hand that appeared only during the handwriting task. The
severity of his writing disability had gradually progressed
over a period of 2 years. He had consulted a neurologist,
who had diagnosed dystonic writer’s cramp. This patholog-
ical condition was completely refractory to medical treat-
ment.

Examination. Neurological examination demonstrated a
severe abnormal muscle contraction in the right hand that
was induced during handwriting. The stiffness and invol-
untary muscle contractions were present when the patient
adopted the writing posture, and these deficits increased
in intensity as he continued to hold a pen and write. His

TABLE 2
Combinations of contacts used for DBS*
Case No.
Conract Combination 1 2 3 4 5
bipolar
0(-). 3(+) ME ME ME ME ME
1(=).3(+) SME SME
=), I(+)
1(=), 0(+)
monopolar
0O(-), case(+) SME ,
1(—), case(+) SME SME

2(—). case(+)
3(-), case(+)

* ME = most effective; SME = second ME.
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BFMDR Scale handwriting score was 4 preoperatively. His
physical and mental conditions were completely normal. A
brain MR imaging study revealed no abnormal findings,
and other laboralory investigations demonstrated normal re-
sults. His personal and family histories were unremarkable.

Surgery. Two quadripolar electrodes for DBS were im-
planted: one into the left VO/VIM and the other into the
GP], after injection of a local anesthetic (Fig. 2). The coor-
dinates of the tentative target points in the VO/VIM and the
GPI were defined on a digitized version of a human brain
atlas. Also, microrecordings were performed to monitor the
extracellular activities in the vicinity of both tentative tar-
get points. The target for the VO/VIM was localized 6.5
mm anterior to the PC, 0.5 mm inferior to the AC-PC line,
and 13.5 mm distant from the midline of the brain. The tar-
get for the GPI was localized at a point in the midcommis-
sura] point, 5 mm inferior to the AC-PC line, and 18 mm
distant from the midline of the brain. We performed in-
traoperative neurological evaluations at the different DBS
lead sites while the patient was writing. An immediate ef-
fect was clearly noted during VO/VIM stimulation, which
appeared to be better than GPI stimulation. The gradual ef-
fects of GPI DBS, however, were observed, and this could
not be denied because of the intraoperative neurological
findings. We decided therefore to implant a DBS lead into
each of the VO/VIM and the GPI in this, the first case. Af-
ter the surgery, we performed a stimulation test for 1 week
and carefully compared the effectiveness of VO/VIM and
GPI stimulation.

Postoperative Examination and Course. Over the next
week, various stimulation patierns were atiempted to con-
firm the clinical effects and to compare the effects obtaincd
with the two targets. Figure 3 shows the letters written
presurgically, during VO/VIM stimulation, and during GPI
stimulation. Based on the improvement rate on the hand-
writing scale, the patient’s subjective feelings, and the
entirety of letters written by the patient, we decided to con-
nect the VO/VIM-DBS lead with an implantable pulse
generator after the 1-week test stimulation. Considcring the
decrease in the thalamic stimulation effect, a lead for pal-
lidal stimulation was implanted in the subgaleal space
around the bur hole without connection 1o the pulse gen-
erator. The patient exhibited no surgery-related complica-
tions or stimulation-induced adverse effects due to the ef-
fective stimulation parameters.

Discussion

Writer’s cramp has been regarded as a type of primary
focal hand dystonia. Clinically, it involves severe difficulty
in the continuation of writing, which is produced by spasm
of the fingers that hold the writing instrument or by spasm
of the entire hand. In gencral, the symptoms of writer’s
cramp are refractory to medical treatment. Attempting to
achieve temporary improvement, intramuscular injections
of botulinus toxin have been performed, but symptom
recurrence is the rule, and the response to repetitive injec-
tion is sometimes reduced effectiveness. The authors of
several reports have suggested the usefulness of stereo-
tactic thalamotomy against dystonic hand cramping. Ste-
reotactic thalamotomy was first introduced as a treatment
for writer’s cramp by Sicgfreid et al.”? Its successful thera-
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FiG. 2. Radiograph demonstrating the two DBS leads implanted
at the VO/VIM and GPl in the same patient.

peutic effect in patients with writer’s cramp was thereafter
reported. in two studies.''* Recently, Goto et al.¢ indicated
that writer’s cramp could be markedly relieved after stereo- .
tactic thalamotomy of the anterior VO and the posterior
VO of the thalamus. Also, Taira and Hori'® obtained satis-
factory results in 12 patients with writer’s cramp using this
procedure, and emphasized the validity of stereotactic VO
thalamotomy for writer’s cramp. More recently, Shibata et
al.’¢ have described a case of medication-refractory writer’s
cramp in ‘which the patient was successfully treated by
stereotactic VO. thalamotomy. However, therc has been
concern that such a destructive procedure might cause irre-

- versible adverse effects. Chronic DBS therapy, in contrast,

1s currently considered an effective alternative to thala-
motomy and/or pallidotomy, offering the advantages of re-
versibility, adaptability to changing clinical situations, and
being probably associated with a lower incidence of post-
surgical neurological deficits.>'®

There is cause to assert the superiority of thalamic DBS
over thalamotomy as a treatment for writer’s cramp. The
stereotactic targeting ‘strategies differ between thalamic
DBS and thalamotomy.’ In thalamotomy, a minimal radio-
frequency lesion is created within the most appropriate site,
providing maximal benefits without any side effects. This
strategy depends on the assumption that there is a con-
centrated cluster of neural elements that are responsible for
the pathological condition. However, this assumption is not
necessarily true—such neural elements may sometimes
spread out across wide areas. Thalamic DBS is not based
on such an assumption. The thalamic electrode can be ar-
ranged in such a way that a wide area can be stimulated, if
necessary.

In the present study the results obtained for the selection
of active contacts suggest that bipolar stimulation, which
covered a wide area of the VO/VIM, appeared (o be the
most appropriate pattern of therapeutic stimulation. In con-
trast, radiofrequency-induced lesions for thalamotomy can-
not be aranged in such a way that a wide area is covered
because of the inevitable occurrence of adverse effects. For
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~Address
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FiG. 3. Letters written by the patient presurgically, during VO/

VIM stimulation, and during GPI stimulation, along with sample

printed Japanese letters for comparison.

these reasons, we consider thalamic DBS to offer a more
suitable therapy for writer’s cramp than thalamotomy.

In addition, the concept of DBS of the GPI has frequent-
ly been introduced as a treatment for dystonic movement
disorders over the past several years.3#2021 A prospective
controlled multicenter study of this treatment modality in
patients with primary generalized dystonia has already
been published, and its usefulness for such treatment has
been confirmed.?? The authors of other papers have de-
scribed the usefulness of GPI DBS as a treatment for dys-
tonia—not only generalized dystonia but also other types,
including focal or segmental dystonja.'®> Based on these
data, GPI DBS appears to be an attractive treatment for
writer’s cramp, which is considered to be a form of focal
hand dystonia. Choosing, as a target, between the GPI or
“the VO/VIM was thus not easy in our {irst case, and we
therefore implanted two electrodes, one into the VO/VIM
and one into the GPl.

Comparison of the results obtained with each of these
two electrodes showed that thalamic stimulation was more
effective than GPI DBS in treating writer’s cramp. Since
the successful outcome we observed after thalamic stimu-
lation in our initial case, we have used this procedure to
treat writer’s cramp in four other patients, and the outcomes
in all five cases were most gratifying. There was no sur-
gery-related death or morbidity, and no stimulation-in-
duced adverse effects. In view of these results, thalamic
stimulation is thought to represent a useful treatment for
writer’s cramp. .

Despite the various attempts at treatment, the pathophys-
iology of writer’s cramp remains unclear. Several specu-
lations concerning its background mechanisms have been
made. Kaji et al.” suggesled that a disorder of a motor sub-

routine might exist in the motor cortex—basal ganglia—thal-.

amus-cortex loop in patients with dystonia. Moreover, a
disorder of sensorimotor functional integration during mo-
tor tasks induces dystonic involuntary movements.”? Writ-
er’s cramp could involve a functional abnormality of such
a motor loop, as well as other dystonias during the writing
task specifically. Improvement following stimulation of the
motor thalamus is considered to be a result of normaliza-
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tion of abnormal activities in the pallidothalamocortical
motor circuit. According to the description offered by Taira
and Hori," il is reasonable to infer that VO stimulation in-
terrupts a functional abnormality of the cortex motor loop
in an individual’s writer’s cramp, because the VO receives
significant input from the GPI. However, we observed that
sumulation that included the VIM, which receives input
mainly from the cerebellom, more effectively improved
writer's cramp, We cannot provide any evidence to explain
this outcome, but the result itself indicates that both the bas-
al ganglia—thalamus loop and the cerebellum are associated
with writer’s cramp. Greater experience with this treatment
is needed to confirm this result. Also, additional studies are
needed to determine the detailed pathophysiology of writ-
er’s cramp and the mechanisms of the DBS effects on such
a pathological condition.:

Conclusions

We have described five cases of writer’s cramp in pa-
tients in whom thalamic DBS successfully resolved symp-
toms. Insofar as we are aware, this is the first series in
which writer’s cramp was treated using DBS therapy. In
one case that provided an opportunity for us to compare the
respective effects of VO/VIM and GPI stimulation, VO/
VIM stimulation yielded the better effect. Also, the maxi-
mum effect was obtained when the stimulation widely cov-
ered the area from the VO to the VIM. Thalamic stimula-
tion appears to represent a valuable therapeutic option, and
the success achieved with this surgical treatment leads us to
view writer’s cramp from a new perspective.
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Motor Evoked Potential (MEP) for the Intra-operative Monitoring of Motor Function

by
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Development of awake surgery has enabled us to monitor the fine movements of the extremities during neuro-
surgical operations. However, we can not employ awake surgery for the monitoring of motor function which
includes the postoperative functional recovery, since it is well known that motor disturbance following injury of the
supplementary motor cortex and premotor area recovers spontaneously within several weeks.

The warning criteria of the cortico-muscular motor evoked potential (MEP) differ among individual reports.
This may reflect differences in the monitoring methods used, and we must set the warning criteria for application
in individual institutes. The cortico-spinal MEP can be recorded stably and is suitable for the monitoring of motor
function which includes the postoperative functional recovery. The subcortico-spinal MEP is especially useful for
assessing the distance between the motor tract and operating fields.

- (Received July 18, 2007 ; accepted August 20, 2007)

Key words : motor evoked potential, motor cortex, awake surgery, D-wave
Jpn ] Neurosurg (Tokyo) 17 : 13-20, 2008

5 MTHOBRMERBEMN L LRT 25k L RIBOFERD

I& U sbic L RBT 5 HiENS D, EBOMHSRBRLAY

e T ESEREEs Ty -F B HILEL
T, HEET FHY9 L EB)F5%EST (motor evoked poten-
tial ; MEP)' "9 hEHRIGH ST 5, BEERBL
EVIBMT—EENTIZ V248, FIRSEICEESN
AORE CEMPIBEEN S, FIETEIRERC AR
EEH 2\ IHRETORMBE RIBT 5 4k L ETEN
IR B AN H D, E7, REREIC AT

FihEZ S ) At} ZNFNOTHEEERL T,
W & SSREORE R B A L BROMAR DY HEE
ISRENTER, LoLads, BREEDIE, FHe
BOREOAR 6T, BELARBNEIUILIL
D5, HPOMBI R BRABAERE N T3, BT
WPIci, %< OEFITEECAMEE BRUMT 2
:&wﬂﬁvba.—ﬁﬁﬁﬁimTu,EE%umﬁ

VHAKRSFESBAMESRIEH Y AT LERE Y,/ T173-8610 HISRAS O ERY 30-1 GEEER: WARER)
Address reprint requests to: Takamitsu Yamamoto, M.D., Division of Applied System Neuroscience, Department of Advanced Medi-
cal Science, Nihon University School of Medicine, 30-1 Ohyaguchi Kamimachi, Itabashi-ku, Tokyo 173-8610, Japan

RS R E R RR AR ST :

Jjpn ] Neurosurg voL.17 NO.1 2008. 1 13



Fig.1 Picture in picture system
Operator can watch voluntary movement of patient’s extremities (A) and evoked potentials (B) in
the field of microscope during the operation.
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Fig.2 Recording of cortico-muscular motor
evoked potential (MEP) and cortico-spinal
MEP
In cortico-muscular MEP monitoring, care needs to
be exercised concerning the depth of anesthesia, use of
muscle relaxant, and the excitability of spinal
motoneurons. Corticospinal MEP monitoring requires
that the recording electrode must be inserted into the
cervical epidural space prior to the operation.
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